Abstract. Production of new particles over forests is an important source of cloud condensation nuclei that can affect climate. While such particle formation events have been widely observed, their formation mechanisms over forests are poorly understood. Our observations made in a mixed deciduous forest with large isoprene emissions during the summer displayed a surprisingly rare occurrence of new particle formation (NPF). Typically, NPF events occur around noon but no NPF events were observed during the 5 weeks of measurements. The exceptions were two evening ultrafine particle events. During the day, sulfuric acid concentrations were in the 10 6 cm −3 range with very low preexisting aerosol particles, a favorable condition for NPF to occur even during the summer. The ratio of emitted isoprene carbon to monoterpene carbon at this site was similar to that in Amazon rainforests (ratio >10), where NPF events are also very rare, compared with a ratio <0.5 in Finland boreal forests, where NPF events are frequent. Our results suggest that large isoprene emissions can suppress NPF formation in forests although the underlying mechanism for the suppression is unclear. The two evening ultrafine particle events were associated with the transported anthropogenic sulfur plumes and ultrafine particles were likely formed via ion-induced nucleation. Changes in landcover and environmental conditions could modify the isoprene suppression of NPF in some forest regions resulting in a radiative forcing that could have influence on the climate.
Introduction
While having a large impact on regional climate, aerosol particles also affect human health, air quality and visibility. Particle nucleation (formation of a liquid or solid particle from gas phase species) occurs nearly everywhere in the Earth's atmosphere (Kulmala et al., 2004) and these newly formed particles contribute 15-55 % of the global cloud condensation nuclei (CCN) production (Spracklen et al., 2008) . CCN production rates and the impact of anthropogenic and natural emissions on these rates are crucial for quantifying aerosol indirect effects on the radiative forcing of climate. New particle formation (NPF) events also have a distinctive seasonal variation globally, with the higher frequency in spring and fall (∼30-50 %) and the lower frequency in summer and winter (∼10-15 %) (Kulmala et al., 2004) . Observations show that sulfuric acid (H 2 SO 4 ) (Kuang et al., 2008; Sipila et al., 2010; Vehkamäki et al., 2002) is the main particle nucleation precursor. However, ammonia (NH 3 ) (Ball et al., 1999; Merikanto et al., 2007) , organic compounds including amines and organic acids (Hoffmann et al., 1998; Metzger et al., 2010; O'Dowd et al., 2002; Smith et al., 2009; Zhang et al., 2004) , and charged ion clusters (Lee et al., 2003; Yu and Turco, 1997; Lovejoy et al., 2004) can also be involved in the particle nucleation under different atmospheric conditions. At present, the processes leading to formation of new particles in various atmospheric environments, especially in the boundary layer, remain unclear.
Forests cover about one-third of the earth's land surface but contribute about two-third of global biogenic volatile organic compound (BVOC) emissions (Goldstein and Galbally, 2007; Guenther et al., 1995) . The global emission of Published by Copernicus Publications on behalf of the European Geosciences Union. 6014 V. P. Kanawade et al.: Isoprene suppression of new particle formation in a mixed deciduous forest isoprene, which is the predominant BVOC, is estimated to be 440-600 teragrams of carbon (TgC) yr −1 (Guenther et al., 2006) . The latest estimate of secondary organic aerosol formation from BVOC oxidation ranges from 10-90 TgC yr −1 , a significantly large fraction of the total organic aerosol budget on a global scale (Hallquist et al., 2009; Heald et al., 2008) . There are large uncertainties in these estimates, which are sensitive to the estimation method (e.g., top-down versus bottom-up) and the detailed chemistry of secondary organic aerosol formation (Hallquist et al., 2009) .
Field observations and laboratory experiments show that low volatility oxidation products of biogenic monoterpenes (MT) and sequiterpenes (SQT) (e.g., cis-pinonic or cispinic acids, organic peroxides, and criegee intermediate compounds) can contribute to aerosol nucleation (Bonn and Moortgat, 2003; O'Dowd et al., 2002; Hoffmann et al., 1998; Tunved et al., 2006; Burkholder et al., 2007) . Isoprene oxidation products can also be important in aerosol growth as observed in laboratory studies (Claeys et al., 2004; Surratt et al., 2010) and field observations (Froyd et al., 2010; Zhang et al., 2009) , under both low and high nitrogen oxides (NO x = NO + NO 2 ) conditions. However, a recent study based on plant chamber experiments has suggested that in forests, isoprene emissions could suppress biogenic NPF (Kiendler-Scharr et al., 2009 ). This suppression would reduce the aerosol climate cooling effects over forests, because increasing temperatures in the northern latitudes would increase isoprene emissions, and reduce NPF rates, causing more solar radiation to reach the surface. However, atmospheric observational evidence of isoprene suppression of NPF in actual forest environments is currently lacking.
NPF has been observed widely in various forest environments, such as Finland boreal forests (Sihto et al., 2006; Makela et al., 1997) , European coniferous forests (Held et al., 2004) and African savanna forests . In contrast to these forests, NPF has not been reported from Amazonian forests, even though this region has been studied for decades Zhou et al., 2002; . The exceptions were unique situations, when ultrafine particles formed in the outflow of clouds were transported from the free troposphere down to the boundary layer (Rizzo et al., 2010) . In Amazonian forests, the aerosol surface area appears to be too large for active NPF, and low volatility oxidation products of BVOCs were instead scavenged rapidly to the pre-existing aerosol particles.
The forests in northern Michigan are largely composed of bigtooth aspen (Populus grandidentata Michx.), quaking aspen (P. tremuloides Michx.) (two predominant species), beech (Fagus grandifolia Ehrh.), paper birch (Betula papyrifera Marsh.), maple (Acer rubrum L., A. saccharum Marsh.), red oak (Quercus rubra L.), white pine (Pinus strobus L.) and bracken fern (Pteridium aquilium) (Pearsall, 1995) and therefore, are representative of a typical northern mid-western United States deciduous forests. Isoprene emissions are particularly large (>95 % of the total terpenoid emissions) compared to MT and SQT emissions (Ortega et al., 2007) . The mixed deciduous type Michigan forest thus provides an ideal environment to study NPF from BVOCs, as the BVOC emission fluxes, particularly for isoprene, have been systematically studied for more than ten years (Pressley et al., 2005; Apel et al., 2002; Westberg et al., 2001 ). However, despite intensive studies in the Michigan forest, ultrafine particle measurements have been limited, except one study which showed formation of Aitken mode particles in the size range from 15-40 nm from breaking waves on Lake Michigan (Slade et al., 2010) and another study showing Aitken mode particle formation associated with intense sulfur plumes (Delia, 2004) . Studies from a similar deciduous forest site in the mid-western United States (Indiana) have observed frequent NPF events but the cause of these events was linked to the close proximity of large urban areas, with elevated concentrations of H 2 SO 4 (in the 10 7 cm −3 range) and sulfur dioxide (SO 2 ) (Pryor et al., 2010) .
In this paper, we report a comprehensive study of ultrafine particles in a relatively clean Michigan forest during the summer of 2009. Aerosol particles in the diameter range from 3-109 nm were measured at the University of Michigan Biological Station (UMBS) at ground level (5 m) from 1 July-3 August 2009. H 2 SO 4 , NH 3 , SO 2 , NO x , OH, and various VOCs (including isoprene and MT) were also measured at the same site. We have further calculated isoprene, MT and SQT emission rates with the Model of Emissions of Gases and Aerosols from Nature (MEGAN) model (Guenther et al., 2006) . Simulations with a microphysical box model incorporated with ion-induced nucleation (IIN) were also performed to investigate the nucleation mechanism responsible for the two early evening ultrafine particle events seen in the Michigan forest. A brief description of the analytical methods is provided in the following section. (Cooper et al., 2001 , and the platform details can be found elsewhere (Steiner et al., 2011, this issue) . Figure 1 shows the location of the UMBS measurement site on a regional map, along with point sources (>10 3 tons) of SO 2 and NO x for 2009. The unique feature of this site is that isoprene, MT and SQT have been measured since 1998 (Westberg et al., 2001; Apel et al., 2002; Pressley et al., 2005; Atmos. Chem. Phys., 11, 6013-6027, 2011 www.atmos-chem-phys.net/11/6013/2011/ al. Barket Jr. et al., 2001; Kim et al., 2009; Ortega et al., 2007) . The specific ecosystem at this site is in the transition zone between the mixed hardwood and the boreal forest on a high-outwash plain deposited by glacial drift (Pearsall, 1995; Schmid et al., 2003) . The measurement site is heavily forested with minimal interferences of local anthropogenic pollution sources. This site is ideal for studying atmospheric chemistry under a wide range of environmental conditions, including clean continental air from central Canada, mixed air masses of biogenic and anthropogenic influence, and urban plumes from Midwestern industrial centers (Cooper et al., 2001; Carroll et al., 2001 ).
Methods

Observation site
Aerosol and trace gas measurements and trajectory calculations
Aerosol size distributions were measured with Kent State University's three sets of different scanning mobility particle spectrometers (SMPS (Benson et al., , 2009 (Benson et al., , 2011 Erupe et al., 2010; Nowak et al., 2006; Tanner and Eisele, 1995; Young et al., 2008) . H 2 SO 4 was measured using NO − 3 ions as a reagent. The detection limit of H 2 SO 4 -CIMS was ∼2×10 5 cm −3 and the uncertainty associated with the measurement was estimated to be ∼60 % at maximum (Erupe et al., 2010) . Protonated ethanol ions were used for NH 3 detection. The detection limit of NH 3 -CIMS was ∼0.06 ppbv and the overall uncertainty associated with the measurement was 0.03 ppbv ±30 % .
A variety of volatile organic compounds (VOCs), including isoprene, MT, and isoprene oxidation products [e.g., methylvinylketone (MVK) and methacrolein (MACR)] were measured by Washington State University proton transfer reaction mass spectrometer (PTR-MS) (Lindinger et al., 1998; de Gouw and Warneke, 2007) . The PTR-MS instrument uses H 3 O + as an reagent ion and the detection limit ranged from 0.01-0.1 pptv (de Gouw and Warneke, 2007) . Hydroxyl (OH) radicals were measured by the Indiana University laser induced fluorescence (LIF) instrument (Dusanter et al., 2009) ; the detection limit was ∼2×10 5 cm −3 with the estimated uncertainty of ±18 % (1σ ). Isoprene and speciated MT fluxes were measured by National Center for Atmospheric Research (NCAR) using a cartridge Relaxed Eddy Accumulation (REA) system. Samples were collected on Tenax GR and Carbograph 5TD adsorbent tubes and analyzed with an Agilent 7890A gas chromatograph with a flame ionization detector for quantification and a 5975C electron impact mass spectrometer for identification. SO 2 was measured by the University of Houston with a Thermo Environmental 43i-TLE pulsed UV-flourescence analyzer; the detection limit was 0.058-0.095 ppbv with an uncertainty of ±10 %. NO and NO 2 were measured by Washington State University with a chemiluminescence detector with a measurement accuracy of 7.5 %. Meteorological parameters such as air temperature, relative humidity (RH), wind speed, and wind direction were measured by Washington State University with a Vaisala Weather Transmitter (WXT520). All these measurements were made at the ground level height (∼6 m)
Backward trajectories of air masses were calculated with the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT) PC version model (.) (Draxler and Rolph, 2010) using gridded wind fields from the Eta Data Assimilation System (EDAS) (Kanamitsu, 1989) .
SCIAMACHY NO 2 column retrievals
The SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY) instrument was launched on the European ENVIronmental SATellite (EN-VISAT) spacecraft in March 2002 in a sun-synchronous orbit at an altitude of 800 km (Bovensmann et al., 1999) . The instrument measures backscattered solar radiation in the ultraviolet, visible, and near-infrared regions of the spectrum, from 0.24-2.38 µm, in the nadir and limb modes. In the nadir mode the horizontal resolution is 30 km×60 km, and the instrument achieves global observational coverage within 6 days. In the present study, we used retrievals of the tropospheric column abundance of NO 2 using the Differential Optical Absorption Spectroscopy (DOAS) algorithm (Richter et al., 2005) to locate large point sources of anthropogenic emissions in the regional vicinity of the UMBS measurement site.
Model of emissions of gases and aerosols from nature
Emissions rates of isoprene, MT and SQT were estimated using the MEGAN model, version 2.04 (Guenther et al., 2006; Sakulyanontvittaya et al., 2008) . MEGAN is a global model with a base resolution of ∼1 km that estimates the net emission rates of biogenic VOCs and aerosols such as fungal spores and pollen, from terrestrial ecosystems into the atmosphere. A site-specific version of MEGAN was used to simulate biogenic VOC emissions during the CABINEX campaign, using site-specific emission factors, landcover and weather conditions. Isoprene and MT emission factors (mg compound m −2 ground area h −1 ) were based on the REA flux measurements conducted during the CABINEX while SQT fluxes, which were not measured during the CABINEX, were based on earlier observations at this site reported by Kim et al. (Kim et al., 2009) . Individual MT and SQT species were classified as light dependent, light-independent, or fractions of both based on the observations of Ortega et al. (Ortega et al., 2007) at this site. Thirty-minute average variations in emissions estimated with MEGAN were driven by changes in landcover data and environmental conditions. Landcover inputs consisted of monthly average Leaf Area Index (LAI) based on ground-based data for this site. LAI variations were used to characterize changes in total foliage and leaf age according to procedures described by Guenther et al. (Guenther et al., 2006) . Other inputs to MEGAN included temperature and photosynthetic active radiation measured at this site above the canopy. Leaf temperature and sun and shade fractions were calculated at five canopy depths and used to drive the short-term and long-term components of the Guenther et al. (2006) algorithm for simulating the emission response to light and temperature.
Aerosol microphysical box model incorporated with IIN parameterization
The sulfuric acid-water aerosol microphysical ion nucleation (SAMIN) box model (Kanawade and Tripathi, 2006) was used in our nucleation simulations. SAMIN includes the IIN parameterization (Modgil et al., 2005) which was based on the IIN kinetic model ). The IIN model uses the laboratory measured thermodynamic data for the growth and evaporation of small cluster ions containing H 2 SO 4 and H 2 O and has been constrained by in-situ measurements of aerosol sizes and precursors at a wide range of atmospheric conditions (Lee et al., 2003) . Positive ions are less likely to nucleate compared to negative ions (Froyd and Lovejoy, 2003) , and the IIN kinetic model treats positive ions as a single species and treats the neutral and negative ions explicitly . SAMIN simulates IIN parameterization, H 2 SO 4 condensational growth and evaporation, water vapor equilibrium, particle-particle coagulation and sedimentation removal. These processes are achieved using a non-iterative semi-implicit scheme with an integration time step of 60 seconds. The model covers particle sizes from 0.3 nm to ∼1 µm diameter, which are geometrically divided into 40 bins.
Results and discussion
Non-NPF events
There were no typical noontime NPF events during the summer of 2009 in the Michigan forest (Fig. 2a) . Out of 5 weeks of continuous measurements, we observed only two abrupt ultrafine particle events (16 July and 2 August) during the early evening time, as opposed to the noontime where wellcharacterized nucleation and persistent growth have been typically observed in locations worldwide (Kulmala et al., 2004) . Ultrafine particle events were identified when there was clear evidence of particles ranging in diameter from 3-10 nm (N 3−10 ) and these small particles grew larger for at least three continuous hours. In this section, we examine non-NPF conditions and in the following section, we discuss two early evening ultrafine particle events using trace gas measurements (Fig. 2c ) and meteorological parameters (Fig. 2d) . The mean particle concentration in the size range from 3-10 nm was 86 cm −3 at noontime. The noontime peak H 2 SO 4 concentration was 2.6×10 6 cm −3 , and under a very low condensational sink (CS, which is proportional to the measured aerosol surface area density; 1.5×10 −3 s −1 ) (Fig. 2b) , this H 2 SO 4 concentration should be sufficient to trigger NPF (McMurry et al., 2005) , as observed elsewhere in the world, including in Finland boreal forests (Petaja et al., 2009 The two filled black squares show the observed early evening NPF events (Box 1 and 2 for 16 July and 2 August event, respectively). As mentioned in the main text, there were no conventional NPF events at noontime at all during the summer of 2009. Sharp spikes in particle number size distributions were seen at noontime (e.g. 8 July), but these particles did not grow enough to show aerosol size distributions with a typical "banana shape". (c) The measured NH 3 (line connected by grey plus signs), NO (green solid line) and NO 2 (light blue solid line), and (d) the measured temperature (red line) and RH (blue line) during 1 July-3 August 2009 at the same site.
given the measured H 2 SO 4 and CS. Usually the global NPF frequency is lower in the summer (∼10-20 %) and higher in the spring and fall (∼30-50 %) (Kulmala et al., 2004) . Given these observed frequencies, one would expect at least 4-5 days of NPF events during 5 weeks in summer, but the Michigan forest did not show such conventional noontime NPF events at all with the reasonable H 2 SO 4 and extremely low CS conditions (Fig. 2b) . This result suggests that there may be a mechanism in which NPF was "blocked" or "suppressed" in this forested environment.
The Kiendler-Scharr et al. (2009) plant chamber experiments have shown that isoprene suppresses biogenic NPF and such suppression effects were dependent on the ratio (R) of emitted isoprene carbon to MT carbon. They (Andreae and Andreae, 1988) and OH of 5.5×10 6 cm −3 (Martinez et al., 2010) over Amazon basin. e calculated total CS from statistical data (number concentration, geometric mean diameter and geometric standard deviation) for particle size distributions measured during MarchApril 1998 (Zhou et al., 2002) .
showed a complete "shutdown" of NPF when R reached ∼20, by increasing isoprene concentrations but keeping other BVOCs constant in their chamber experiment. Our MEGAN model-calculated isoprene and MT emission rates in the Michigan forest were 1.32±0.7 mgC m −2 h −1 and 0.05±0.02 mgC m −2 h −1 , respectively, and thus R was 26.4±4.5. We compared the ratio of emitted isoprene carbon to MT carbon at the Michigan site with two other forests with extreme frequencies of NPF events. In Amazon forests where NPF has never been seen Zhou et al., 2002) , isoprene and MT emission rates ranged between 1.9-8.8 mgC m −2 h −1 and 0.22-0.76 mgC m −2 h −1 , respectively, and thus R was 15.2 . In contrast, in Finland boreal forests where frequent NPF was observed (Sihto et al., 2006; Makela et al., 1997) , isoprene and MT emission rates were 0.03 mgC m −2 h −1 and 0.16 mgC m −2 h −1 , respectively, and R was 0.18 (Spirig et al., 2004) (Table 1 ). The R value for this study (26.4) and the higher R value (15.2) from the Amazon forest are consistent with the Kiendler-Scharr et al. (2009) plant chamber study which showed that NPF is inhibited by isoprene at high R values (>10). Additionally, the ratio of isoprene to MT concentrations also showed similar R values in these three forests (Table S1 ).
To directly compare the relative oxidation rates of isoprene and MT by OH reaction, we also looked at the (k isoprene−OH [isoprene])/(k MT−OH [MT] ) ratio, where k isoprene−OH and k MT−OH are the rate constants for isoprene and MT oxidation with OH, respectively. This ratio is also directly related to R. Based on the averaged diurnal variation of isoprene, MT, and OH concentrations observed in the Michigan forest for 8-16 July 2009 (Fig. 3a) , the average noontime peak (k isoprene−OH [isoprene])/(k MT−OH [MT]) ratio was ∼26 (Fig. 3b) . This ratio was also similar to that observed in Amazon forests (∼20) (Kesselmeier et al., 2002) . In Finland boreal forests,this ratio was <1 (Sellegri et al., 2005) (Fig. 3b) . These results further confirm that oxidation of isoprene with OH dominates over oxidation of MT with OH in Michigan and Amazon forests, where NPF was suppressed.
Kiendler-Scharr et al. (2009) also speculated that the isoprene suppression effects on NPF were due to the OH depletion by isoprene. OH measurements in the Michigan forest were of the order of 1.2-1.5×10 6 cm −3 (noontime peak), between those in Amazon forests (5×10 6 cm −3 ) (Martinez et al., 2010) and Finland boreal forests (7×10 5 cm −3 ) (Petaja et al., 2009 ). The OH measurements in 2009 were similar to those measured previously at the same site, which showed that OH was actually higher than model-predicted (Di Carlo et al., 2004) . Di Carlo et al. (2004) also have proposed that that the missing OH reactivity may be due to some terpenelike temperature dependent unknown BVOC species. And, it is possible that these terpene-like compounds and their oxidation products (such as organic acids and peroxides) could form new particles. Recent observations have also shown possible OH recycling mechanisms due to isoprene in the presence of low NOx (Lelieveld et al., 2008 , Paulot et al., 2009 . Hofzumahaus et al. (2009) also suggested two hypothetical OH recycling reactions involving unknown compound X (RO 2 +X→ HO 2 and HO 2 +X → OH, both of the same rate as for the corresponding NO reactions) for reformation of OH, although the actual chemical identification of X has not been identified. From these reasons, we believe that isoprene did not suppress OH concentrations, although the absence of NPF was due to the excessive isoprene concentrations compared to MT.
Recently, Surratt et al. (2010) showed that isoprene-OH oxidation products (e.g., isoprene epoxydiols (IEPOX) at low NO x and methacryloylperoxynitrate (MPAN) at high NO x conditions) could partition into atmospheric aerosols. Single particle measurements made in the free troposphere far away from the isoprene source regions also identified the presence of organosulfates, indicative of the IEPOX partitioning on acidic sulfate particles, at low NO x conditions when total concentrations of MVK and MACR (both primary isoprene oxidation products) exceeded 1.2 ppbv (Froyd et al., 2010 However, the averaged noontime peak concentration of (MVK+MACR) in the Michigan forest during 8 July-2 August was very low (∼0.25 ppbv). The measured NO and NO 2 concentrations at this site were <0.25 ppbv and <3.5 ppbv, respectively, during the summer 2009 (Fig. 2c) (Fig. 3c) . These results indicate that the majority of isoprene molecules were not fully oxidized to produce low volatility species such as IEPOX. This trend is also consistent with the Henze and Seinfeld (Henze and Seinfeld, 2006) study showing that isoprene oxidation is often incomplete near the source region due to its high emission rates. The (MVK+MACR)/isoprene ratio measured in the Michigan forest was also surprisingly similar to that in the Amazon forest (Kesselmeier et al., 2002) , whereas this ratio was much higher (>1) in the Finland boreal forest (Rinne et al., 2002) (Fig. 3c) . It has been previously postulated that biogenic NPF can be attributed to MT-and SQT-ozone (O 3 ) reactions (Bonn and Moortgat, 2003; Hoffmann et al., 1998; O'Dowd et al., 2002; Burkholder et al., 2007) . Smog chamber experiments also have shown that MT reactions with O 3 tend to yield more secondary organic aerosols than those with OH radicals (Larsen et al., 2001; Yu et al., 1999 [OH] ) ratio in the Michigan forest was 0.76±0.08, lower by a factor of 2.38 compared to the Finland forest (1.81±0.32). This ratio was even much lower (0.14±0.07) in the Amazon forest which is likely due to considerably low O 3 concentrations (<20 ppbv, Kesselmeier et al., 2002) during the wet season. These results suggest that the relative rates of reaction of MT with O 3 are dominant in the Finland forest than in the Michigan forest and the Amazon forest.
On the contrary, average MT and SQT concentrations in the Michigan forest were 0.35±0.24 ppbv (this study) and 0.02 ppbv (Kim et al., 2009) , respectively. These values were in fact comparable to those measured in Finland boreal forests (Table S1 ). The measured O 3 concentrations in the Michigan forest (e.g., noontime peak ∼32 ppbv) (Fig. 3c) were also comparable to those in the Finland boreal forest (Suni et al., 2003) . Despite the similarities in MT, SQT, and O 3 concentrations between the Michigan and Finland forests, biogenic NPF did not occur in the Michigan forest and we believe that it has something to do with R rather than the production rate of MT-O 3 reaction products. These results again show that rather than the absolute concentrations of MT or SQT, the R values appear to be more important in regulating biogenic NPF processes. The production of new particles from O 3 reactions with MT and SQT (Bonn and Moortgat, 2003; Bonn et al., 2008; Burkholder et al., 2007; Hoffmann et al., 1998; O'Dowd et al., 2002) , may be suppressed by isoprene oxidation products such as formaldehyde reacting with stabilized criegee biradicals produced in the ozonolysis reactions, and in turn suppress nucleation.
Another possible explanation for the effects of R on NPF events is that organic acids play an important role in nucleation by clustering with H 2 SO 4 , as was suggested by Zhang et al. (2004 Zhang et al. ( , 2009 . Bonn et al., (2003) also have shown that large organic acids can be formed from α-pinene ozonolysis and it is possible that these large organic acids can participate in biogenic nucleation. However, organic acids formed from isoprene oxidation can be more volatile than those formed from MT, and if they compete with and prevent larger organic acids from clustering with sulfuric acid, NPF could be suppressed.
Comparing Michigan (no NPF), Amazon (no NPF) and Finland boreal forests (frequent NPF), there are two distinctive factors regulating biogenic NPF: R and the ratio of (MVK+MACR)/isoprene. Both Michigan and Amazon forests have much higher concentrations and emission rates of isoprene during the summer than the Finland forest. Given the relatively high concentrations of isoprene, high R values, and the results from the Kiendler-Scharr et al. (2009) plant chamber study, NPF would not occur in Michigan and Amazon forests. In comparison, in Finland forests where the R values and isoprene emissions are substantially lower, NPF took place with a frequency of ∼10 % even during the summer (Kulmala et al., 2004) . Also, the (MVK+MACR)/isoprene ratio was very low in Michigan and Amazon forests compared to the Finland forest, indicating incomplete oxidation processes for isoprene, due to proximity of the isoprene source relative to the sampling location. Compared to the Michigan forest, additional reasons that Amazon forests did not have NPF events may be very low H 2 SO 4 (<5×10 5 cm −3 ) due to low SO 2 [0.02-0.03 ppbv, Andreae and Andreae, 1988) , found in pristine conditions and the extraordinarily high aerosol surface area (Table 1) due to high concentrations of primary biogenic aerosols. Suni et al. (2008) have shown frequent nighttime events of charged ion cluster growth measured by an air ion spectrometer (AIS) in southern Australia under high isoprene emission conditions, and these results may appear to be inconsistent with isoprene suppression of NPF. But another study (Suni et al., 2009 ) also showed that this forest site was strongly influenced by the marine air masses, so this may not be a pure biogenic environment. This site is also unique in terms of showing very frequent ion cluster growth events even in the winter, so it was possible that the IIN process was important in this forest. As AIS only measures charged clusters, it is difficult to directly compare ion cluster growth events determined by AIS with NPF events reported by a regular differential mobility analyzer (DMA, TSI 3085). For example in Finland boreal forests, when AIS showed nighttime ion cluster growth events, DMA-measured size distributions did not show NPF (Kulmala et al., 2004) , because small clusters identified by AIS (2-4 nm) did not grow further to be measured by DMA .
Two early evening ultrafine particle events
While there were no conventional noontime NPF events from the Michigan forest, there were two early evening ultrafine particle events (16 July and 2 August) both between 18:30-21:30 local time. These two evening events had strikingly similar features in trace gases and particle number concentrations, and they both were associated with high SO 2 . For example, during the 16 July event, N 3−10 (∼100-7000 cm −3 ) were closely correlated with the simultaneous rise of SO 2 (maximum >3 ppbv, one order of magnitude higher than the background SO 2 ,∼0.2 ppbv) and H 2 SO 4 (in the range of 1-2×10 6 cm −3 ) (Fig. 4a) . The in-situ measured NO and NO 2 were also well-correlated with the abrupt rise of SO 2 (correlation coefficient of 0.89), suggesting an anthropogenic origin of the plume. These results thus strongly suggest that the observed ultrafine particles were not produced locally, rather transported along with anthropogenic sulfur plumes. Around noontime, there was a very small increase in N 3−10 from ∼100-1000 cm −3 (e.g., 16 July, Fig. 4a ). However, these particles did not grow enough to show aerosol size distributions with a typical "banana shape" (found in conventional NPF events, for example, (Kulmala et al., 2004) ). During the 2 August event, NH 3 was also fairly correlated with N 3−10 , with the highest mixing ratio of 2.7 ppbv; there were no NH 3 measurements on 16 July (Fig. 2c) .
In order to localize the anthropogenic plume source, we have used a combination of satellite-based observation of the tropospheric NO 2 column and back trajectory information (Fig. 5) . Air masses over the Michigan forest site oscillated between those originating from relatively clean regions in the north (NO 2 <1×10 15 molecules cm −2 ) and those originating from polluted regions to the southwest or south (NO 2 >5×10 15 molecules cm −2 ). Remarkably, on the two ultrafine particle event days, air parcel back trajectories passed near Minneapolis, Minnesota, where a large coal-fired power plant (Sherburne Power Plant, SPP) is located, about 35 h (16 July) and 30 h (2 August) prior to arriving at the measurement site. On 31 July, the air parcel back trajectories pass close to Minneapolis but we did not observe ultrafine Atmos. Chem. Phys., 11, 6013-6027, 2011
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To investigate the nucleation mechanism that might be responsible for the observed ultrafine particles on these two events, we performed aerosol microphysical box model simulations, incorporated with an IIN parameterization , using the measured key aerosol precursor concentrations such as SO 2 , OH, and H 2 SO 4 . These two events had very similar features in the air mass history (Fig. 5) , temperature, relative humidity (RH), wind direction and wind speed (Fig. S1 ). The initial conditions for the box model simulations for two ultrafine particle events (16 July and 2 August) were chosen in the following manner: (i) temperature and RH were taken from the back trajectory calculations at each hour; (ii) the initial particle surface area density (SA) (2.25 µm 2 cm −3 ) was taken from the average value of the measured particle size distributions on a clean day to rep- resent the low SA, as both trajectories experienced rain before passing the SPP in Minnesota, MN (where model simulations started; that is, the model running time t = 0). As the model simulations proceeded, the total SA at each time step was continuously updated based on the evolved aerosol size distributions;
where n is the number of size bins (i = 1, 2, 3, , , 40), d i the particle diameter in the ith size bin, and N i,t , and SA i,t the particle number concentration and surface area density in the ith size bin at time t, respectively. The semi-sinusoidal shaped, diurnal variation of OH along the trajectories was taken from the average OH diurnal variation measured at the forest site during 8-16 July 2009. A sensitivity test for the prescribed OH diurnal cycle was also performed by decreasing and increasing averaged OH diurnal cycle by a factor of two, to account for possible OH variations due to NO x conditions in plumes. The sensitivity analysis showed that the mode diameter shifts to higher particle diameter (within the 1σ variation) with increasing OH and the number concentrations do not change significantly. The contribution of the transported anthropogenic SO 2 downwind of the emission region was very simply estimated by taking into account its www.atmos-chem-phys.net/11/6013/2011/ Atmos. Chem. Phys., 11, 6013-6027, 2011 atmospheric lifetime (Kunhikrishnan et al., 2004) using the following equation;
where C 0 is the initial SO 2 at the source region (which is the unknown value); C is the concentration after the time t trans (3.5 ppbv measured at the forest site on the both the event days); τ is the atmospheric lifetime of SO 2 due to its chemical (via reaction with OH) and depositional losses [τ ≈20 h in summer, Pham et al., 1995] ; and t trans is the transport time between SPP and the forest measurement site (35 h taken from trajectory calculations). Based on this method, we have set the initial SO 2 of 15 ppbv at SPP, which is somewhat less than, but still within the order of, the SO 2 measured in power plant plumes (maximum ∼70 ppbv) (Sorooshian et al., 2006) . SO 2 at each subsequent time step was further calculated from Eq. (2). The initial H 2 SO 4 was set as 5×10 7 cm −3 near SPP, consistent with a measurement made in power plant plumes (McMurry et al., 2005) . H 2 SO 4 in the air parcel during transport was updated by taking into account the loss of H 2 SO 4 by particle nucleation and growth and production from the reaction OH+SO 2 →HSO 3 (k 3 = 9.4×10 −13 cm 3 s −1 at 298 K, Finlayson-Pitts and Pitts, 2000) and the prescribed SO 2 and OH at each time step described above. Ion production rate (Q) of 2 ion pairs cm −3 s −1 was used to represent the typical lower troposphere conditions (Rosen et al., 1985) . Figure S2 shows these prescribed parameters in detail for the 16 July event; the prescribed parameters for the 2 August event were very similar. With these prescribed and measured key atmospheric parameters (Fig. S2) , IIN model simulations showed very similar features for both the ultrafine particle events. The IIN results showed that the nucleation burst occurred at the very first time step (time, t = 1 h) due to high H 2 SO 4 in the plume (Fig. S2) . These freshly nucleated particles grew slowly over a day during the transport and reached sizes >4 nm at t = 35 h. The model predicted N 3−10 and particle size distribution at the end of the model run (at the time when air masses arrived at the forest site) are in good agreement with the observed N 3−10 and particle size distribution on both event days (Fig. 4b for 16 July event). These results imply that IIN involving high concentrations of SO 2 and H 2 SO 4 can explain the observed ultrafine particles in the Michigan forest under the influence of an intense sulfur plume. In comparison, IIN simulations for non-event days (e.g., 20 July), where air masses originated from clean regions to the north of the forest site, showed no nucleation due to low H 2 SO 4 , even with the sufficiently low CS.
Our IIN simulation results are different from Boy et al. (2008) , which showed that IIN fails to reproduce the measured ultrafine particle concentrations in Finland boreal forests. Compared to , our simulations indicate that nucleation occurred rapidly in the sulfur plumes, because the conditions were more favorable for nucleation due to the higher SO 2 and H 2 SO 4 . The air masses also experienced rain events before arriving at SPP (as seen from backward trajectory calculations) to allow very low surface areas. The high H 2 SO 4 and low surface area thus provided an ideal condition for nucleation. Our results are, on the other hand, consistent with Brock et al. (2004) , showing that the high SO 2 in power plant plumes can trigger IIN and these freshly nucleated particles can be transported over long distances to less polluted regions. At present, we cannot address if other classical homogeneous nucleation processes such as binary or ternary homogeneous nucleation (BHN or TNH) besides IIN also played a role in these sulfur plumes, since the current BHN (Vehkamäki et al., 2002) and THN (Merikanto et al., 2007) theories are highly uncertain to make high fidelity simulations.
We have further calculated particle growth rates (GR) from the measured particle size distribution data. GR derived from the measured aerosol size distributions were 5.5±1.9 nm h −1 and 6.6±0.7 nm h −1 on 16 July (Fig. 3a) and 2 August, respectively. These growth rates are also within the same order as those measured in Finland boreal forests (Sihto et al., 2006; Makela et al., 1997) , European coniferous forests (Held et al., 2004) and African savanna forests ) (2-10 nm h −1 ). However, the calculated GR from condensation of H 2 SO 4 alone were 0.14 and 0.11 nm h −1 on 16 July and 2 August, respectively, accounting for only 2-3 % of the measured GR. These results suggest that species other than H 2 SO 4 , such as BVOC oxidation products, may play a major role in the growth of nucleation-mode particles over the forest, consistent with field observations (Sellegri et al., 2005) and laboratory experiments showing that oxidation products of BVOCs can contribute to growth of newly formed nano-particles in the biogenic environment.
Conclusions and atmospheric implications
While many studies have been devoted to understanding how new particles form in the boundary layer, the conditions necessary for NPF event are not well understood despite the ubiquity and the global occurrence of NPF (Kulmala et al., 2004) . We present a comprehensive observation of ultrafine particles in the Michigan forest, which showed that conventional NPF did not occur in a mixed deciduous forest, where biogenically emitted isoprene was abundant. These findings are in line with a Kiendler-Scharr et al. (2009) plant chamber study showing that isoprene suppresses NPF. These results thus provide the first atmospheric evidence that the specific pattern of the emitted BVOCs can affect secondary aerosol formation in biogenic environments. While our atmospheric observations show that isoprene indeed suppresses NPF, our measurements also show that OH was not depleted in the Michigan forest, although such OH depletion may occur in well-controlled chamber experiments (Kiendler-Scharr et al.,
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www.atmos-chem-phys.net/11/6013/2011/ 2009). At present, the underlying mechanism of how biogenic NPF is inhibited by isoprene is not clear and future studies are required to answer this important atmospheric science question. While there was a lack of NPF in this mixed forest, we also showed that ultrafine particles can be formed via IIN in a sulfur-rich plume. Once they were transported to the forest, these ultrafine particles grew rapidly by species other than H 2 SO 4 , including oxidation products of BVOCs. These results are consistent with the recent study which showed that biogenic secondary aerosol formation can be promoted by anthropogenic influences (Froyd et al., 2010; Zhang et al., 2009 ). The present-day forests in Northern Michigan are largely composed of tree species such as bigtooth aspen with fewer numbers of white pine, red maple, red oak and paper birch (Ortega et al., 2007) . However, about 70 % of aspen trees in the northern Michigan forest are ∼50 years old and the forest average age is greater than other mixed deciduous forests in the Great Lake region, thus beyond peak biomass production (Gough et al., 2007) . This suggests a widespread change in the forest structure and composition, for example, shifting from aspen trees (isoprene emitter) to pine trees (MT and SQT emitter), and the subsequent changes in carbon cycling dynamics (Bergen and Dronova, 2007) . Indeed, an observation study (Mielke et al., 2010) showed that the MT concentrations have been increasing at this site over the past decade. When switching from bigtooth aspen to white pine tree species, R can be reduced to less than 1 (Ortega et al., 2007) . As a result, one should expect a substantial increase in NPF events in the coming decade, thus increasing the aerosol cooling effect over Michigan forests. A recent study using a coupled global atmosphere-land model suggested an increase in isoprene (22 %) and MT (18 %) by 2100, as a result of the increased temperature (1.8 • C) (Heald et al., 2008) , but this temperature increase alone may not affect the R values on a global scale. However, little is known about the adaptation of isoprene and MT emitters to longterm changes in temperature. Isoprene and MT emissions may react very differently to other factors, such as increasing CO 2 concentrations, which could lead to a much lower R value in many regions (Heald et al., 2009 ). Many forests, including some in Michigan (Bergen and Dronova, 2007) , are experiencing rapid changes in environmental conditions as a result of forest succession, land-use change, human activities, and climate change and their radiative effects need to be incorporated into global aerosol models.
